The predictions of three models are compared with respect to existing experimental data on the perception of the Fourcin pitch ͑FP͒ and the dichotic repetition pitch ͑DRP͒. Each model generates a central spectrum ͑CS͒, which is examined for peaks at frequencies consistent with the perceived pitches. A modified equalization-cancellation ͑mE-C͒ model of binaural unmasking ͓Culling and Summerfield, J. Acoust. Soc. Am. 98, 785-797 ͑1995͔͒ generates a CS which reflects the degree of interaural decorrelation present in each frequency channel. This model accounts for the perceived frequencies of FPs, but produces no output for DRP stimuli. A restricted equalization-cancellation ͑rE-C͒ model ͓Bilsen and Goldstein, J. Acoust. Soc. Am. 55, 292-296 ͑1974͔͒ sums the time-varying excitation in corresponding frequency channels, without equalization, to form a CS. A central activity pattern ͑CAP͒ model ͓Raatgever and Bilsen, J. Acoust. Soc. Am. 80, 429-441 ͑1986͔͒ generates a CS by scanning an interaural cross-correlation matrix across frequency. The rE-C and CAP models yield inaccurate predictions of the perceived frequencies of FPs, but predict the occurrence of the DRP and its correct pitch. The complementary predictions of the mE-C model compared to the rE-C and CAP models, together with the evidence that the FP is clearly audible for the majority of listeners, while the DRP is faintly heard by a minority of listeners, suggest that the mE-C model provides the best available account of the FP, and that the DRP is produced by a separate mechanism.
INTRODUCTION
A dichotic pitch occurs when broadband noises applied to the two ears creates a pitch percept through a process of binaural interaction. Four dichotic pitches have been described. Two of them, the Huggins pitch ͑Cramer and Huggins, 1958͒ and the binaural edge pitch ͑Klein and Hartmann, 1981͒, are addressed in a companion paper ͑Culling et al., 1998͒. That paper reports psychoacoustic experiments whose results suggest that a more accurate and parsimonious account of the detection and perceived frequency of these two pitches is provided by a modified equalization-cancellation ͑mE-C͒ model of binaural unmasking ͑Culling and Summerfield, 1995͒ than by models proposed previously. The present paper is concerned with the other two dichotic pitches: the Fourcin pitch ͑FP͒ ͑Fourcin, 1970͒ and the dichotic repetition pitch ͑DRP͒ ͑Bilsen and Goldstein, 1974͒.
The FP and the DRP are produced by presenting noise binaurally with large interaural delays (Ͼ1 ms). At least one of the interaural delays must be larger than those which can occur for human listeners in the free field, although the range of interaural delays which give rise to the FP and DRP overlaps the range which can produce the perception of lateralization. To produce the FP ͓Fig. 1͑a͔͒ two independent noises with different interaural delays are presented simultaneously ͑Fourcin, 1970͒. A noise is heard containing a sound with an identifiable pitch. The pitch is related to the difference between the interaural delays applied to the two noises. The pitch is ambiguous when the two noises are both interaurally in-phase ͑i.e., only delayed͒. An unambiguous pitch is heard if one of the noises is given an interaural phase shift of radians. Measurements by Bilsen and Wesdorp ͑1974; Bilsen, 1977͒ showed that in this latter condition the FP is matched by listeners to a tone whose period is equal to the difference between the interaural delays used in generating the dichotic stimulus.
Fourcin ͑1970͒ reported that no pitch was heard if only one noise was presented. Later, Bilsen and Goldstein ͑1974͒ showed that a faint pitch could be heard in these circumstances. They called this pitch the ''Dichotic Repetition Pitch'' ͓Fig. 1͑b͔͒. The name emphasizes a similarity in the generation of the DRP to the generation of monaural repetition pitches ͑Bilsen, 1966͒. A monaural repetition pitch is heard in a broadband noise which has been comb filtered by summation with a delayed copy of itself. Like the monaural repetition pitch, the DRP is matched by listeners to a tone whose period is equal to the interaural delay used in generating the stimulus ͑Bilsen and Goldstein, 1974; Bilsen, 1995͒. In fact, one of Fourcin's listeners in his 1958 tests did report hearing a DRP ͑Fourcin, 1995͒. Fourcin ͑1970͒ did not report the phenomenon because he was uncertain whether this pitch was an artefact. The difficulty most listeners experience in hearing the DRP and its similarity to the monaural repetition pitch have prompted concerns that it might be produced by cross talk through air or bone conduction between the left-ear and right-ear channels, giving rise a͒ New address: University Laboratory of Physiology, Parks Road, Oxford OX1 3PT, United Kingdom.
to a repetition pitch which is detected monaurally. However, this concern now appears to be unfounded, since DRPs have been reported ͑a͒ at sensation levels as low as ϩ5 dB ͑Bilsen, 1995͒ where such cross talk would be inaudible, and ͑b͒ using insert earphones ͑Culling, 1996͒ which generate very low levels of interaural cross talk ͑Killion et al., 1985͒. In summary, the FP ͓Fourcin ͑1970͒; Fig. 1͑a͔͒ is a relatively robust phenomenon. It can be heard by the majority of listeners. In contrast, the DRP ͓Bilsen and Goldstein ͑1974͒; Fig. 1͑b͔͒ is a weaker phenomenon. It is not heard easily by all listeners. It would be desirable, therefore, for models of the two phenomena to predict that the FP has materially greater strength than the DRP.
I. THE PRESENT INVESTIGATION
This paper describes three models which can account for the occurrence of dichotic pitches and examines the extent to which each model predicts the DRP and the FP. The principal finding is that the rE-C and CAP models account well for the DRP, but make erroneous predictions of the FP, while the mE-C model cannot predict the DRP, but gives accurate predictions of the FP. In addition, since the mE-C model's account of the FP relies on the use of independent internal delays in each frequency channel, the exitence of the FP corroborates that aspect of the model.
In the following section, Sec. II, we describe the models in qualitative terms. In Sec. III we describe how the models were implemented computationally. In Sec. IV we compare the accuracy with which the models predict examples of the FP and the DRP, explain their mechanisms, and discuss the reasons for the accuracy of their predictions.
II. THREE MODELS OF THE FP AND THE DRP
The models are essentially qualitative. They share the property of generating a spectral display of energy plotted as a function of frequency, often termed a ''central spectrum.'' Central spectra are interpreted in much the same way in each model: the presence of peaks at the frequency of the fundamental and/or its harmonics is taken as evidence of a pitch corresponding to that fundamental frequency.
A. Restricted E-C model "rE-C…
Bilsen and Goldstein ͑1974͒ described a model of the FP and the DRP which was based on aspects of Durlach's ͑1960, 1972͒ equalization-cancellation ͑E-C͒ model of binaural masking release. We call their model the ''restricted'' E-C model ͑rE-C͒. The rE-C model is distinct from the ''modified'' E-C ͑mE-C͒ model which is described below. In the rE-C model, the signals from the two ears are filtered into separate passbands, internal noise is added, and the waveforms in corresponding channels from the two ears are either summed or cancelled without any process of time or phase equalization. The resulting energy in each channel is plotted as a function of channel frequency to produce a central spectrum.
B. Central activity pattern "CAP… model
Bilsen ͑1977, 1995͒, Raatgever ͑1980͒, and Raatgever and Bilsen ͑1977, 1986͒ suggested a model of the DRP and the FP which shares similarities with Jeffress' ͑1948, 1972͒ account of sound localization. Their ''central activity pattern'' ͑CAP͒ model incorporates the ideas that, following peripheral frequency analysis, time-varying excitation in corresponding frequency channels from the two ears converges on coincidence detectors through internal delay lines of different lengths. Therefore, each coincidence detector is tuned to a particular interaural delay. A set of coincidence detectors covers a range of interaural delays for each center frequency. Thus, the coincidence detectors form a two-dimensional matrix in frequency and interaural delay. The CAP for a given stimulus represents the output of the coincidence detectors across this matrix. For the purposes of predicting pitch values and the lateralization of pitch images, Raatgever and Bilsen assumed that the pattern of activity across the coincidence detectors for a particular center frequency can be approximated by a cross-correlation function. They further approximated the cross-correlation function for each frequency channel with a sinusoid. This approximation is equivalent to the assumption that auditory frequency selectivity is infinitely fine at each center frequency. The resulting CAPs are interpreted by scanning across frequency at a chosen internal delay to produce a central spectrum. It is assumed that central mechanisms can inspect central spectra at all internal delays, but that attention is focused on a single spectrum which displays clear evidence of harmonicity or large amounts of modulation in spectral amplitude as a function of frequency. An ambiguous pitch occurs when more than one well-modulated spectrum is available, and the pitches derived from each are different. The model predicts that listeners hear sounds with spectral properties corresponding to the attended spectrum, which are lateralized according to the internal delay of the spectrum in which it is detected.
C. Modified equalization cancellation "mE-C… model
Culling and Summerfield ͑1995͒ described a modified version of Durlach's equalization-cancellation ͑E-C͒ model which is designed to account for the binaural masking release of complex sounds. This mE-C model simulates peripheral frequency selectivity using time-domain filters whose shapes and bandwidths approximate those of human auditory filters ͑Patterson et al., 1987 . The timevarying excitation in corresponding channels from the two ears is equalized as far as possible by applying ͑i͒ adjustments in rms level 1 and ͑ii͒ internal delays of up to Ϯ half the period of the center frequency of the channel ͑but no greater than Ϯ5 ms͒, and is then cancelled ͑to the extent that equalization was achieved͒ through subtraction. The equalization process is performed independently in each frequency channel ͑i.e., using different adjustments of internal delay and level, if necessary͒. The residual energy in each channel after subtraction is plotted as a function of center frequency to generate a central spectrum ͓termed a ''recovered spectrum'' by Culling and Summerfield ͑1995͔͒. Culling et al. ͑1998͒ demonstrated that recovered spectra display spectral peaks at frequencies consistent with the Huggins pitch and the binaural edge pitch.
III. IMPLEMENTATION OF THE MODELS
The models were implemented in a common format. Their input was the digitized waveforms of the sounds presented to the left and right ears in a stimulus generating a FP or a DRP. Their outputs were displays of central spectra; that is, plots of energy as a function of frequency.
A. The E-C model
In order to simplify comparisons with the CAP and mE-C models, the rE-C model was implemented in a slightly different way from that described by Bilsen and Goldstein ͑1974͒. They made the reasonable assumption that auditory frequency channels have Gaussian-shaped passbands whose bandwidths correspond to psychophysical estimates of critical bandwidths measured by Zwicker and Feldkeller ͑1967͒. Our implementation of the rE-C model reflects more recent estimates of the shapes and bandwidths of auditory filters ͑Patterson, 1976; Moore and Glasberg, 1983͒ . Auditory frequency selectivity was modeled with the Patterson et al. ͑1987, 1988͒ gamma-tone filterbank, whose frequency channels have passbands which approximate a roundedexponential shape and equivalent rectangular bandwidths which vary with center frequency according to the formula provided by Moore and Glasberg ͓1983, Eq. ͑3͔͒. Moore and Glasberg's formula specifies somewhat narrower bandwidths in channels than those suggested by Zwicker and Feldkeller. Following frequency analysis, the waveforms in corresponding frequency channels from the two ears are both added and subtracted. For each of these operations separately, the resulting rms energy in each channel is plotted in dB as a function of channel center frequency to generate two alternative central spectra.
B. The CAP model
Three versions of the CAP model were implemented. In the first version, here called the ''original'' version, crosscorrelation functions at each frequency were calculated as sinusoidal functions of internal delay using the formulas suggested by Raatgever and Bilsen ͓1986, Eq. 6͔͒. Following Raatgever ͑1980͒, the principle of superposition was assumed to hold when this version of the model was used to model the FP; the CAP for a FP stimulus was generated by summing the two CAPs for appropriate DRP configurations, producing an interference pattern. In the second ͑''weighted''͒ version of the model, the CAP from the first version was weighted according to frequency and internal delay in the manner suggested by Raatgever ͑1980, Eqs. IV.1 and IV.2͒, thereby giving greatest emphasis to frequencies around 600 Hz and to ''central'' locations ͑i.e., those close to the median plane͒. This central-weighting function was previously postulated by Colburn ͑1973, 1977͒ to account for the variation of the BMLD with frequency. The third ͑''smoothed''͒ version of the model was used to examine the effects of incorporating more realistic frequency resolution; the across-frequency scans from the first version were lowpass filtered using a rounded-exponential-shaped movingaverage filter, whose bandwidth varied with frequency in accordance with Moore and Glasberg ͓1983, Eq. ͑3͔͒. With each version of the model, the resulting CAP could either be scanned across frequency at any fixed internal delay to generate an across-frequency scan, or analyzed for individual peaks across all scans which are particularly prominent.
C. The mE-C model
The mE-C model was implemented in the way described by Culling and Summerfield ͑1995͒ and Culling et al. ͑1998͒ . Stimulus waveforms were filtered using the gammatone filterbank and peripheral transduction was simulated using the Meddis ͑1986, 1988͒ hair-cell model; the waveforms in corresponding frequency channels were equalized in rms level 1 and then internal delay using delays of up to Ϯ5 ms; the waveforms were cancelled using subtraction over a exponentially tapering window with a 50-ms time constant; the residual rms energy was plotted in dB as a function of channel center frequency.
IV. RESULTS OF MODELING THE DRP
The ability of the models to predict DRPs was systematically examined for stimuli with a range of interaural delays. We report results obtained with a representative test stimulus which consisted of a segment of white noise, duplicated in the left-and right-ear channels, and leading at the right ear by 4 ms. Bilsen and Goldstein ͑1974͒ showed that the pitch frequencies of DRP stimuli are the reciprocals of their interaural delays, (2ϽϽ12 ms). So, a 4-ms interaural delay should generate a pitch equivalent to that of a 250-Hz tone. Figure 2 shows the central spectrum of the DRP test stimulus generated by the present implementation of the rE-C model for both the subtraction and addition operations. The spectrum from the addition operation contains peaks at the harmonics of the fundamental frequency corresponding to the DRP: 250, 500, 750 Hz, etc. The low-frequency peaks are well defined with a peak-valley ratio of about 5-10 dB. As observed by Bilsen and Goldstein ͑1974͒, the rE-C model predicts a clear pitch at the frequency of the DRP using the addition operation. Using the subtraction operation, however, the pattern of peaks and valleys is inverted.
A. The rE-C model
The model produces a central spectrum with the correct pattern using the addition operation for the following reason. The filtered waveforms in corresponding channels are approximately sinusoidal waveforms of equal frequency. When added together, the amplitude of the resulting waveform depends, therefore, on the phase difference between these sinusoids. In channels whose center frequencies are integer multiples of the reciprocal of the interaural delay, the sinusoids from the delayed ear are delayed by an integer number of cycles, and their phases are therefore similar to those at the other ear. As a result, the waveforms maximally reinforce each other when they are summed. Conversely, in channels whose center frequencies are located half-way between integer multiples of the reciprocal of the interaural delay, the phases at the two ears differ by approximately radians, and the waveforms cancel when summed. Thus, with an interaural delay of 4 ms, reinforcement occurs at frequencies that are integer multiples of 250 Hz. Figure 3 shows the results of analyzing the DRP test stimulus with the three versions of the CAP model described in Sec. II B. Figure 3͑a͒ -͑c͒ illustrates results from the original, weighted, and smoothed versions of the model, respectively. In each case, values on the ͑internal͒ delay axis indicate the cross-correlation delay of channels from the right ear. The insets contain plots of an across-frequency scan taken at 0-ms internal delay.
B. The CAP model
All three CAPs contain ridges of activation which sweep gradually down in frequency with increasing internal delay. An across-frequency scan taken at any particular internal delay displays a succession of peaks at integer multiples of a common fundamental. However, the frequency of the fundamental depends on the internal delay at which the scan is made. This result can be seen most clearly in Fig. 3͑a͒ : at Ϫ1-ms internal delay, the peaks are at multiples of 333 Hz; at 0-ms internal delay, the peaks are at multiples of 250 Hz; at ϩ1-ms internal delay, the peaks are at multiples of 200 Hz. Therefore, according to the CAP model, the listener may experience a continuum of pitches with different spatial locations, or possibly experience different pitches on successive presentations in accordance with the current direction of attention. When measured psychophysically using a match-FIG. 2. Output spectra produced by the rE-C model in subtraction mode ͑solid line͒ and addition mode ͑dotted line͒ when presented with a 4-ms DRP ͑white noise which is interaurally delayed by 4 ms͒.
FIG. 3.
Central activity patterns ͑CAPs͒ produced by the three versions of the CAP model from a 4-ms DRP ͑white noise which is interaurally delayed by 4 ms͒. ͑a͒ The CAP produced by the ''original'' version, described by Raatgever and Bilsen ͓1986, Eq. ͑6͔͒. ͑b͒ The CAP produced by the ''weighted'' version, using Raatgever and Bilsen ͓1986, Eq. ͑6͔͒ with central weighting applied in accordance with Raatgever ͑1980, Eqs. IV.1 and IV.2͒. ͑c͒ The CAP produced by the ''smoothed'' version, using Raatgever and Bilsen ͓1986, Eq. ͑6͔͒ and smoothing across frequency by a roundedexponential-shaped, moving-average filter of varying bandwidth ͑Moore and Glasberg, 1983͒, to reflect realistic frequency resolution.
ing paradigm ͑Bilsen and Goldstein, 1974; Bilsen, 1995͒, the pitch of the DRP always corresponds to the pattern of peaks found in the central across-frequency scan ͑i.e., at 0-ms internal delay͒. One way in which the correct prediction can be made consistently is to invoke the principle of central weighting which was incorporated in the weighted version of the model ͓Fig. 3͑b͔͒, and might emphasize features which are located close to the median plane. However, the weighting function does not fulfill this role in the model, since the model searches for spectra which are well modulated in the sense that they have high peak-to-valley ratios ͑Bilsen, 1997͒. The central weighting cannot have any effect upon peak-to-valley ratios within a single scan, so an eccentric scan is no less likely to display high modulation in this sense than a central one.
2 The resulting ambiguity is thought responsible for the fact that the perceived pitch is ''faint'' ͑Bilsen, 1995͒. Figure 3 shows that the three versions of the model produce CAPs which contain broadly similar cues for the DRP. The assumption of infinitely high frequency resolution, which is inherent in Raatgever and Bilsen's use of sinusoids as an approximation to cross-correlation functions in the original version of the model, is not critical for the model to predict the DRP. This assumption was also found to have little influence on predictions of the Fourcin pitch which are discussed below. In contrast, the original version of the CAP model predicts both the Huggins pitch and the binaural edge pitch while the smoothed version does not ͑Culling et al., 1998͒. For simplicity, further illustrations in the present paper of the predictions of the CAP model are based on CAPs obtained from the original version of the model ͓as in Fig.  3͑a͔͒ .
C. The mE-C model
The spectra recovered by the mE-C model in response to the DRP are irregular noise spectra with no sign of peaks at multiples of 250 Hz. There is no evidence that the mE-C model can predict the DRP. This outcome is easy to understand from the mechanism of the model. The stimulus contains identical white noise which is interaurally delayed by 4 ms. The model can apply internal delays of up to 5 ms before canceling the signals so the model applies a compensating 4-ms internal delay and then cancels the waveforms completely.
V. RESULTS OF MODELING THE FP
Before considering the responses of the three models to the Fourcin pitch it is worth considering a representative set of example stimuli on which they may be tested. There are three interesting dichotomies which divide the possible configurations of a two-noise Fourcin pitch: ͑1͒ whether or not one of the two noises is interaurally inverted, ͑2͒ whether or not the delay applied to one of the noises lies within the ecological range of delays ͑i.e., Ϯ600 s͒, and ͑3͒ in the case of a stimulus in which one noise is inverted and one noise has a delay within the ecological range, whether those are the same noise or different noises. To explore each of these dichotomies requires a minimum of five cases ͑a͒-͑e͒.
We have chosen to investigate stimuli for which 1 Ϫ 2 ϭ4 ms; the delays used were either Ϯ2 ms, or 0 and 4 ms. Figure 4 shows spectra recovered by the rE-C model from the five test stimuli, using the addition ͑dotted-line spectra͒ and subtraction ͑solid-line spectra͒ operations. Figure 4͑a͒ contains the spectra recovered from a stimulus with interaural delays of Ϯ2 ms. Figure 4͑b͒ contains the spectra recovered from the same stimulus, but with one noise phase shifted by radians at one ear. Figure 4͑c͒ contains the spectra recovered from a stimulus with interaural delays of 0 and 4 ms. Figure 4͑d͒ contains the spectra recovered from the same stimulus, but with the 4-ms-delayed noise phase shifted by radians at one ear. Figure 4͑e͒ shows the spectra from the same stimulus, but with the undelayed noise inverted. Bilsen and Wesdorp ͑1974͒ found that listeners hear a clear pitch corresponding to a tone, whose frequency, f , can be predicted using Eq. ͑1͒ when one noise is phase shifted, where d is the difference in interaural delay between the two noises in milliseconds ( 1 Ϫ 2 ). In the cases shown in Fig. 4͑b͒ , ͑d͒, and ͑e͒, therefore, a pitch of 250 Hz FIG. 4 . Output spectra produced by the rE-C model when presented with different FP stimuli in subtraction mode ͑solid lines͒ and addition mode ͑dotted lines͒. ͑a͒ Two independent noises delayed by Ϯ2 ms. ͑b͒ Two independent noises delayed by Ϯ2 ms; one noise is also phase shifted at one ear by radians. ͑c͒ Two independent noises delayed by 0 and 4 ms. ͑d͒ Two independent noises delayed by 0 and 4 ms; one noise is also phase shifted at one ear by radians. ͑e͒ Two independent noises delayed by 0 and 4 ms; the first noise is also phase shifted at one ear by radians. In each panel, the different stimuli are signified by schematic illustrations of their cross-correlation functions.
A. The rE-C model
is heard. When neither noise is phase shifted, Bilsen and Wesdorp ͑1974͒ reported that listeners hear an ambiguous pitch which is matched to a tone whose frequency can be predicted using Eq. ͑2͒. Thus, the examples shown in Fig.  4͑a͒ and ͑c͒ would be matched to 204 and 323 Hz:
The rE-C model does not predict these outcomes. For reasons which will be elucidated fully in Sec. V C, an ambiguous pitch is predicted for d ϭ4 ms when the spectrum displays peaks at odd multiples of 125 Hz. An unambiguous pitch is obviously predicted when peaks occur at multiples of 250 Hz. The vertical dashed lines in Fig. 4 indicate the frequencies at which peaks should appear in order to provide these correct predictions. On this basis, none of the spectra in Fig. 4͑a͒ -͑c͒ reflect the pitches which should be heard, while in Fig. 4͑d͒ and ͑e͒, one of the two spectra show the correct pattern while the other does not. Figure 4͑a͒ , which should be ambiguous, has spectra with peaks at multiples of 500 Hz and at odd multiples of 250 Hz, rather than at odd multiples of 125 Hz. Figure 4͑b͒ , which should be unambiguous, has one featureless spectrum and one with peaks at odd multiples of 125 Hz rather than multiples of 250 Hz, implying an ambiguous pitch rather then an unambiguous one. Figure 4͑c͒ , which should be ambiguous, shows a featureless pattern in the subtraction ͑solid͒ spectrum, and an inverted pattern in the addition ͑dotted͒ spectrum. Figure 4͑d͒ , which should be unambiguous, shows the appropriate pattern in the addition ͑dotted͒ spectrum, but the inverse pattern in the subtraction ͑solid͒ spectrum. Figure 4͑e͒ shows the appropriate pattern in the subtraction ͑solid͒ spectrum, but the inverse in the addition ͑dotted͒ spectrum. Thus, although each of Fig. 4͑d͒ and ͑e͒ is predicted correctly by one or another operation of the rE-C model ͑with different operations required to predict different cases͒, it is not clear how the model would select the appropriate operation each time. In the case of the DRP which was analyzed in Sec. IV A, one could argue that the addition spectrum should be selected because it gives a harmonic spectrum. If that rule were applied here, the pitches of Fig. 4͑d͒ and ͑e͒ would both be unambiguous, because each stimulus generates the option of a harmonic spectrum. In summary, therefore, the rE-C model does not predict the Fourcin pitch, since none of the spectra produced in Fig.  4͑a͒ -͑c͒ are correct, although cases ͑d͒ and ͑e͒ can be predicted correctly by selecting different operations for different cases.
B. The CAP model
In order to properly assess the performance of the CAP model in predicting the perception of Fourcin pitches it is necessary to consider in a little more detail the mechanism by which scans and features within scans are selected. Raatgever and Bilsen ͑1986͒ nominated three cues which might be used in this process, but did not propose algorithms for evaluating the cues and combining the information which they provide. The cues are ͑1͒ depth of spectral modulation within a scan, ͑2͒ harmonicity of the peaks within a scan, and ͑3͒ other spectral patterning. We shall confine ourselves here to the first two cues, whose detection and evaluation can be implemented computationally with relative ease.
Depth of modulation is defined as peak-to-valley ratio. However, modulation cannot be calculated simply as the ratio of the largest maximum in the function to the smallest minimum; if it were so, then all scans in a Fourcin pitch stimulus would be judged to have equal modulation. Rather, peaks must be compared with adjacent valleys. Furthermore, those peaks which are close to the spectral dominance region are assumed to play a greater role in selection than those further away ͑Bilsen, 1997͒, so each ratio is weighted according to the function suggested by Raatgever ͑1980, Eq. IV.1͒. Finally, it seems reasonable that the mean weighted peak-to-valley ratio across all the peaks in the scan should be the relevant selection parameter.
It would be a straightforward matter to select a psychoacoustically appropriate metric for harmonicity from the literature. However, as will become clear, the peaks produced by the CAP model in response to Fourcin pitch stimuli tend either to be precisely harmonic, or quite inharmonic, so a simple dichotomous distinction will serve the current purpose. It is also unclear how information about degree-ofharmonicity and depth-of-modulation might be combined in an overall salience measure, but, again, for these particular stimuli, no conflict of interpretation turns on this issue.
As a result of these considerations, our modeling of the process of selecting scans and of selecting features within scans has the following steps. First, the CAP is generated using Eq. ͑3͒, where the magnitude of the pattern at frequency f and delay i is related to the two external delays applied to the noises in the stimuli 1 and 2 . Equation ͑3͒ is derived from Raatgever and Bilsen's ͑1986͒ Eq. ͑6͒, which gives the CAP for a single noise source, by following the principle of superposition ͑Raatgever, 1980͒. Addition or subtraction is used depending upon whether the noise of interaural delay 2 has been interaurally inverted ͑subtraction being employed in the inverted case͒. We have added a small shift parameter, s, that prevents the CAP from evaluating to zero and causing problems when calculating the peak-tovalley ratio. The results below were produced using s ϭ0.01:
͑3͒
Each scan ͑at internal delay i ͒ is assessed for its modulation index ͑mean weighted peak-to-valley ratio͒, M , by locating all the n peaks of height, P j , and valleys of height, V j , that occur in the range 0-2 kHz ͓Eq. ͑4͔͒. In Eq. ͑4͒ w j is the mean weight of the jth peak and valley calculated according to Eqs. ͑5͒ and ͑6͒ from Raatgever ͑1980͒, where f is the frequency at which the peak or valley is found. The value of s scales the values of M ͑a quasi-power-law com-pression͒, but does not affect the delays at which maxima in M ( i ) occur:
One or more well-modulated scans are then assessed for their harmonic content. Figure 5 shows the variation of M as a function of internal delay for each of the five example stimuli. A number of prominent peaks in M are evident which have been labelled ͑lower case numerals͒ for future reference. Dashed vertical lines have been drawn on the figure at Ϯ600 s, which represent the approximate boundaries of the ecological range of delays. Well-modulated scans which occur at substantially larger internal delays should be regarded with some scepticism, as there is no biological reason for the auditory system to have developed a scanning mechanism which operates outside this range.
3 Figure 6 shows the central spectra which can be found by scanning at each of the delays which were labelled as prominent peaks in M in Fig. 5 . Table I gives the frequencies of the most prominent spectral peaks in each of these scans, along with the closest fitting fundamental frequency (F0) for each set. The F0's were derived by a weighted least-squares fitting procedure in which the squared difference between each peak frequency and the matched harmonic frequency was weighted according to the peak frequency using Eqs. ͑5͒ and ͑6͒.
4 These F0's are discrepant in many cases with the pitch-matching data collected by Bilsen and his colleagues, as summarized by Eqs. ͑1͒ and ͑2͒. As noted above, the expected pitch from Eq. ͑1͒ for Fig. 5͑b͒ , ͑d͒, and ͑e͒ is 250 Hz, while those from Eq. ͑2͒ for Fig. 5͑a͒ and ͑c͒ are 204 and 323 Hz. These predictions are correct only in cases ͑c͒ and ͑e͒: in case ͑c͒ an ambiguous pitch is correctly predicted whose frequency is 336, 297, or 214 Hz, depending on which scan is selected; 336 and 214 Hz may be acceptable approximations to 323 or 204 Hz; in case ͑e͒, an unambiguous pitch of 250 Hz is correctly predicted ͓Fig. 6͑eii͔͒ by the scan at zero delay and it seems reasonable that the other scan should be neglected since it comes from a delay outside the range Ϯ600 s. In the other cases, the CAP model's predictions are incorrect: in case ͑a͒ a pitch of 500 Hz is strongly predicted by a scan which is both the most modulated of all scans investigated and also perfectly harmonic, but the pitch should be ambiguous; in case ͑b͒ pitches of 290, 302, and 417 Hz are predicted when the pitch should be unambiguously 250 Hz; similarly in case ͑d͒, pitches of 290, 248, and FIG. 5. The modulation index, M , as a function of internal delay of scans taken from central activity patterns ͑CAPs͒ produced according to Eq. ͑3͒ for different FP stimuli. ͑a͒ Two independent noises delayed by Ϯ2 ms. ͑b͒ Two independent noises delayed by Ϯ2 ms; one noise is also phase shifted at one ear by radians. ͑c͒ Two independent noises delayed by 0 and 4 ms. ͑d͒ Two independent noises delayed by 0 and 4 ms; the second noise is also phase-shifted at one ear by radians. ͑e͒ Two independent noises delayed by 0 and 4 ms, the first noise is also phase shifted at one ear by radians. In each panel, the different stimuli are signified by schematic illustrations of their cross-correlation functions. Prominent peaks have been marked for reference by lower case numerals. 178 Hz are predicted when the pitch should be 250 Hz. In this last case, the correct pitch is among those predicted by the model, but unlike case ͑e͒, there is no reason to believe that the 250-Hz pitch should be preferred over the alternatives, as the scans containing each pitch lie outside the ecological range. The CAP model can account for cases ͑c͒ and ͑e͒, but it is clearly in error when compared with Eqs. ͑1͒ and ͑2͒ in cases ͑a͒, ͑b͒, and ͑d͒.
In summary, the CAP model fails to predict the FP correctly in an important set of cases. Raatgever ͑1980͒ has shown that some stimulus configurations produce appropriate results and the CAP model can also predict the lateralization of the pitch for these stimuli ͑Raatgever and Bilsen, 1986͒. However, our more systematic exploration yielded clearly erroneous predictions. Interestingly, both here and in Raatgever's treatment, the model predicts the Fourcin pitch for stimulus configurations in which one of the two noises has a small delay ͑i.e., within the ecological range͒ relatively well. We have shown here that when the delays are equal and opposite, and thus both outside the ecological range, the CAP model is clearly at odds with Eqs. ͑1͒ and ͑2͒, and the extensive empirical data on which they are based ͑Bilsen, 1997, Fig. 5͒ . Figure 7 contains spectra recovered by the mE-C model in response to the same five FP stimuli which were analyzed by the other two models. The predictions are consistent with the pitches heard in these stimuli, which were summarized by formulas suggested by Bilsen and Wesdorp ͑1974͒. Psychophysically, cases ͑b͒, ͑d͒, and ͑e͒ yield unambiguous pitches of 250 Hz. Correspondingly, Fig. 7͑b͒ , ͑d͒, and ͑e͒ contains peaks at integer multiples of 250 Hz, consistent with an unambiguous pitch of 1000/( d ) Hz; i.e., 250 Hz in the case where the interaural delays are Ϯ2 ms. Psychophysically, cases ͑a͒ and ͑c͒ yields ambiguous pitches. According to Bilsen and Wesdorp the pitches should be 1000/( d Ϯ0.9) Hz or 204 and 323 Hz, where the interaural delays are Ϯ2 ms. Figure 7͑a͒ and ͑c͒ shows dips at multiples of 250 Hz. This pattern might be expected to give rise TABLE I. The frequencies at which prominent peaks occur in the best modulated scans for each of the five example Fourcin pitch stimuli. The frequencies are derived from the unweighted scans, but only those peaks which show prominently in the panels of Fig. 6 ͑showing the weighted scans͒ are listed. In the two cases indicated in the penultimate column, the frequencies of the peaks form a perfect harmonic series. For all cases, the closest fitting F0's, according to a weighted least-squares metric, are given in the last column. to an unambiguous pitch with a fundamental frequency of 125 Hz, represented by odd-numbered harmonics. The ambiguity which is heard by listeners can be explained if it is assumed that the first harmonic is inaudible or is very weak and that de Boer's ͑1956, 1976͒ rule can, therefore, be applied to the remaining components. This assumption is reasonable given the weakness of binaural masking release below about 200 Hz. de Boer's rule states that the pitch of an inharmonic series will correspond to the fundamental frequency whose consecutive harmonic frequencies best fit the frequencies in the stimulus. Figure 8 compares the results of such a fitting process, using a weighted, least-squares procedure, with the predictions of the Bilsen and Wesdorp formula. Harmonics 1-5 and 2-6 of an adjustable fundamental frequency were fitted to the frequencies of the first five audible peaks in the CS ͓i.e., odd harmonics 3-11 of 1/(2 d )͔. The two fits, matching to different sets of harmonics, yield two points at each value of 1 . The ordinate of Fig. 8 is the reciprocal of the fitted fundamental, because the figure is designed for comparison with Fig. 5 of Bilsen ͑1977͒. Bilsen's figure shows matches between various FPs and monaural repetition pitches generated with interaural delay ( m ); that data was used to derive the Bilsen and Wesdorp formula. For simplicity, only the results of modeling a subset of the data in Bilsen's figure are shown in Fig. 8 , but both the predictions of the Bilsen and Wesdorp formula and of the present fitting process can be extended to the other conditions in Bilsen's figure by horizontal translation. Two weighting functions were used in the fitting process which ͑1͒ weighted the input frequencies according to the variation in the strength of binaural masking release with frequency ͓Eqs. ͑5͒ and ͑6͔͒ and ͑2͒ weighted the fitted harmonics according to harmonic number in order to reflect the relative dominance of low-numbered harmonics in pitch perception ͑Ritsma, 1967͒ using the formula suggested by Cohen et al. ͓1995, Eq. ͑9͔͒. Each of these weighting functions improved the quality of the fit ͑compare open circles and diamonds for the combined effect͒. The quality of fit was also poorer if fewer than five components were compared, but did not change if more components were compared.
C. The mE-C model

Panel of
Further evidence that the spectra produced by the mE-C model predict listeners' percepts correctly is provided by Fourcin's ͑1958͒ pitch-matching data. Fourcin asked listeners to match the FP to the pitch of a pure tone by adjusting the magnitude of one of the two delays. He found that the matching difference in delays was always related to the period of the tone by a simple-number ratio. The majority 5 of Fourcin's data can be reconciled with those from Bilsen's group if one assumes that Fourcin's listeners, cued by the use of a pure-tone comparison stimulus, listened analytically and matched the frequency of the second spectral peak in the recovered spectrum to that of the tone, while Bilsen's listeners, cued by the use of a comparison stimulus with multiple spectral peaks ͑the monaural repetition pitch͒, listened synthetically and matched the pitch of the whole recovered spectrum.
The action of the mE-C model in this context may be better understood by looking at a cross-correlogram generated ͑as in the mE-C model͒ using a gammatone filterbank and hair cell model, but then following it by cross correlation of corresponding frequency channels from the two ears. Figure 9 shows such a cross correlogram for a Fourcin pitch stimulus generated using delays of Ϯ2 ms with inversion of one noise at one ear. The pattern clearly shows frequency regions where the cross-correlation function is modulated and those where it is nearly flat, the latter being bands of decorrelation. These bands of decorrelation give rise to the perception of the frequency components which are heard, together, as the pitch. In other frequency bands, the mE-C model finds delays at which the cross correlation is at a maximum and is able, using those delays, to equalize the waveforms to some extent and so to partially cancel them. In the decorrelated bands this process is impossible, because the waveforms are dissimilar at all delays. Notice that in order for the model to cancel all the frequency bands which display correlation, different delays must be used at different frequencies. This feature of the mE-C model, originally included in order to account for the masking release of speech in the NSo condition, is essential to the correct prediction of the Fourcin pitch.
D. Mathematical analysis
The scope of the mE-C model can be generalized to all stimulus configurations by considering the process which gives rise to these results. It should be emphasized that the analysis that follows is not a detailed mathematical analysis of the computational model described above; the analysis takes account of only the most essential features of that model, optimal delay and cancellation. This simplification can be justified on the grounds that we have found the peripheral nonlinearities of the Meddis hair cell model to be superfluous to the prediction of the Fourcin pitch using the computational model.
The stimuli are filtered by the peripheral auditory system into narrow frequency bands within which the two noises in a FP stimulus interact. Each channel admits a small group of sinusoidal components of similar frequency but widely differing amplitudes and phases. At each ear, and at each frequency, corresponding sinusoidal components from the two noises summate vectorially. The resultant components are illustrated in Fig. 10 here: 1 and 2 are the interaural delays of the two noises; is the difference in the phase of the two sources at the left ear, ranging from 0 to 2 at frequency, f ; b and c are the amplitudes, from a Rayleigh distribution, of the two sources at frequency, f ; and is 0 or depending on whether or not one noise source has been inverted at one ear. Equations ͑7͒ and ͑8͒ specify the signal at each ear, at one frequency. Here L(t) and R(t) are the signals at each ear:
From Fig. 10 , Eqs. ͑7͒ and ͑8͒ can be expanded, using the sine and cosine rules:
ͬͪ .
͑10͒
The model applies an internal delay, i , to these two signals in order to align the sinusoids at each ear ͑say delaying R relative to L͒ and also an amplitude compensation. Each channel will admit many such sinusoids, so for cancellation to be effective, the required internal delay, i , and the interaural difference in amplitude must be relatively constant across all frequencies within the channel.
Consider first the equalization of amplitude. The interaural difference in amplitude, ⌬ amp , at a given frequency may be calculated by subtracting the amplitude parts of Eqs. ͑9͒ and ͑10͒:
͑11͒
Since will be uniformly distributed within a given frequency band, the differences in resultant amplitudes will, in most cases, also be random across the frequencies within that channel. Thus, the interaural differences in amplitude of the component frequencies within a channel cannot be equalized simultaneously, guaranteeing that there will be some residue after cancellation. However, it may readily be seen from Eq. ͑11͒ that, for certain values of 1 , 2 , and f , ⌬ amp , will evaluate to zero for all , all b, and all c. When ϭ, ⌬ amp ϭ0, for integers N, where
Also, when ϭ0, ⌬ amp ϭ0 for all , where
In fact, the variance of ⌬ amp , averaged over all ͑0-2͒, is a cyclic function of f , which is zero where Eqs. ͑12͒ and ͑13͒ are satisfied and maximal at intermediate values of f . To derive the frequencies at which ⌬ amp is maximally FIG. 10 . Vector diagrams illustrating the vector summation of components from each of the two noises in a Fourcin pitch stimulus at the left and right ears. The amplitudes of these two components, b and c, are the same at each ear. The phases of the two components ͑at source͒ differ by . The noises are interaurally delayed by 1 and 2 , and the second noise is phase shifted by at the right ear. The resultant amplitudes, a L and a R , and the resultant phase difference, C R ϩ2 f 1 ϪC L , can be derived using the sine and cosine rules ͑see text͒. For completeness, the other angles have been given the usual labels for the vertices of a triangle when describing the sine and cosine rules.
variable, therefore, the roles of Eqs. ͑12͒ and ͑13͒ may be reversed; Eq. ͑12͒ gives the frequencies of maximum variability in ⌬ amp when neither noise is inverted and Eq. ͑13͒ gives the frequencies of maximum variability in ⌬ amp when one noise is inverted. Near the minima of the function all components are roughly equal in amplitude at each ear and so it may be possible to cancel them without any amplitude equalization, but at the maxima, the components entering a frequency channel will have widely differing interaural amplitude ratios and so cannot be cancelled. Hence, these are the same frequencies which give peaks in the residual activation produced by the mE-C model ͑e.g., Fig. 7͒ .
Next, considering the equalization of delay, a similar pattern is found. Equations ͑9͒ and ͑10͒ can be used to determine the internal delay at which cancellation takes place. This internal delay depends upon the phase of the sine terms of Eqs. ͑9͒ and ͑10͒. The optimum delay for cancellation is related to the interaural phase difference, ⌬ phase , which is given by
͑14͒
From these equations, it can be seen that the optimum internal delay for cancellation of a single frequency depends upon the two interaural delays, 1 and 2 , the amplitudes, b and c, the interaural phase difference, , and upon frequency, f . However, as with amplitude equalization, there are certain frequencies at which the values of b, c, and have no effect on ⌬ phase . These are the same frequencies which give zero interaural amplitude differences ͓Eqs. ͑12͒ and ͑13͔͒. Furthermore, within an auditory frequency channel there will be limited variation in f , so the same internal delay should suffice for all frequencies within the channel. So, the same frequencies which have no interaural amplitude differences also have interaural phase differences which are independent of the random features of the two noises, and are therefore consistent across a given frequency channel.
Thus, the mE-C model always predicts that when one noise is inverted, a pitch will be heard whose period is equal to the difference in the interaural delays applied to the two noises, and that when neither noise is inverted the pitch will be related to an odd-harmonic series, whose fundamental has a period which is half the difference between the two interaural delays.
VI. DISCUSSION
This paper has considered the respects in which three models can account for the occurrence and the frequency of two dichotic pitches: the dichotic repetition pitch ͑Bilsen and Goldstein, 1974͒ and the Fourcin pitch ͑Fourcin, 1970͒ ͑Fig. 1͒. It was noted in the Introduction that the FP is heard easily by the majority of listeners, while the DRP is more difficult to hear. Accordingly, it would be desirable for a model, or models, to predict that the FP is produced by a different mechanism from the DRP, and that the FP is generally more salient.
The rE-C model makes accurate predictions of the occurrence and frequency of the DRP, but makes inaccurate predictions of the FP. Similarly, the CAP model makes accurate predictions of the DRP, but not of the FP. In contrast, the mE-C model accounts for the FP, but produces no output for a DRP stimulus. Thus, none of the models accurately predict both pitches, suggesting that the FP and DRP may depend on different mechanisms, with the mE-C mechanism accounting for the FP and either the rE-C and/or CAP mechanisms accounting for the DRP.
The mE-C model accounts for the FP, as shown in the present paper, and for two other dichotic pitches, the Huggins pitch ͑HP͒ ͑Cramer and Huggins, 1958͒ and the binaural edge pitch ͑BEP͒ ͑Klein and Hartmann, 1981͒, as shown in a companion paper ͑Culling et al., 1997͒. Overall, the mE-C model provides a more accurate and straightforward account of the detection and perceived frequency of the FP, HP, and BEP than do other models.
It is less obvious whether the DRP should be attributed to the rE-C or the CAP mechanisms. There is little difference between the output spectrum generated by the rE-C model performing addition and an across-frequency scan from the CAP taken at 0-ms internal delay. The first corresponds to the addition of the waveforms in corresponding frequency channels from the two ears, and the second to their multiplication. In a compressive nonlinear system, there may be little practical difference between the two results. However, there are some grounds for favoring the CAP model. Although the rE-C model directly generates an output spectrum which displays evidence of the DRP, it is, as its name implies, only a partial implementation of equalization-cancellation, and would have no major role beyond accounting for the DRP. In comparison, an attraction of the CAP model is that it is based on well-established mechanisms of sound localization and binaural masking release ͑Colburn and Durlach, 1978͒. Across-frequency scanning is more or less equivalent to across-frequency grouping by common interaural delay. The mE-C model was designed partly on the principle that such across-frequency grouping does not occur in binaural analysis ͑Culling and Summerfield, 1995; Hukin and Darwin, 1995; Darwin and Hukin, 1997͒ . The model consequently analyzes each channel independently of all others. It is interesting to note that without this feature the mE-C model would not predict the FP correctly, so its success in this area provides an independent verification of the principle of channel independence. On the other hand, the success of the CAP model in accounting for the DRP suggests that some limited across-frequency scanning does occur. Yet, the ridges in the CAP for DRP stimuli are clear ͑e.g., Fig. 3͒ and should be easily extracted by a scanning process. The weakness of the pitch sensation which most listeners experience in a DRP stimulus is, therefore, a testament to the limited efficiency of across-frequency scanning.
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